The influence of vacuum on a spherical clay sample is investigated via numerical simulation and experiment. The temporal and radial dependences of the temperature and mass of these samples were measured in the vacuum drying process. The numerical model in which the measurements were conducted calculates the moisture and heat transfer equations, where the effective coefficients of thermal conductivity and diffusion were set equal to the coefficients of a moist porous medium. Calculations were performed for various initial and boundary conditions. The data obtained on the temperature and moisture content distributions had sufficient deviations from the experimental data; however, both described important qualitative distribution features. The results of the current paper will help in determining the conditions of effective clay disintegration, which will facilitate the extraction of gold from gold-bearing clays.
INTRODUCTION
It is impossible to overestimate the importance of clay (Mukherjee, 2013) . It is used in medical, food, and mining industries and it contains silicon, aluminum, and other elements of high value. In any sample of clay, one can most likely discover pores alternating with solid matter. Most often, these pores are filled with air, as well as liquid and its vapors. The ratio of the void volume to the whole body volume is determined by the parameter called porosity. The properties of each particular clay sample are largely determined by its moisture content. The list of these properties includes: density, plasticity, viscoelasticity, swelling, cracking, etc. During freezing or drying, complex heat and mass transfer processes occur in the porous body (Luikov, 1966) . The properties of these processes depend on the composition of the porous body and its porosity and morphology.
Particles of various metals (such as gold, copper, and silver) can be found in clay pores in the form of microscopic grains. Particles larger than 35-50 µm are extracted with relative ease, but smaller ones remain in the clay as a result of its stickiness and plasticity. To increase the amount of gold extracted from gold-bearing clay, a clay sample must be disintegrated. In the process of drying, the clay sample is strongly deformed due to the non-uniform distribution of the humidity and temperature inside it (Kowalski and Pawlowski, 2010; Kowalski et al., 2012; Heydari et al., 2017; Chua et al., 2001) . For effective disintegration of a clay sample, Sukhinin et al. (2018) previously proposed a vacuum drying method. In this method, the clay sample is exposed to low pressure, which leads to moisture freezing in its pores. Due to the existence of an external vacuum in the clay sample, stresses that destroy the solid matrix of the sample arise, which facilitates the extraction of small metal particles.
The objective of this paper is to determine the characteristics of the vacuum drying process, which will permit effective extraction of gold from gold-bearing clays. In order to achieve this goal, an experimental setup and a numerical model were created to obtain a more complete picture of the phenomena that occur in a clay sample when placed in a low-pressure environment. The experimental setup and measurement procedure are described in Section 2. The model is presented in Section 3. The obtained results from both the experiments and numerical calculations are given in Section 4. A discussion of the obtained results and conclusions are presented in Section 5.
EXPERIMENTAL SETUP
For experimental studies of vacuum disintegration of clay and extraction of gold from gold-bearing clays, the experimental setup presented in Sukhinin et al. (2018) was used. The setup consisted of a low-pressure chamber (vacuum receiver) with a large volume of about 5 m 3 and a working chamber with a volume of about 0.02 m 3 . The clay samples under investigation were placed in the working chamber. There were also two pressure sensors, an analog-to-digital converter, a display unit, a computer, a control unit for pneumatic valves, and a vacuum pump. To visualize the disintegration process in the experiments a digital camera was used.
The sequence of experiments was as follows. First, using the vacuum pump the receiver was pumped out to a required pressure (typically, p r ∼ 15 Pa). A pre-weighted clay sample was placed inside the working chamber of the vacuum disintegrator. After the chamber was closed, it was connected to the receiver through the first pneumatic valve. As a result, the working chamber was pumped out to the pressure value slightly exceeding the initial receiver pressure p r . The low-pressure conditions in the chamber persisted for an hour, and then the first valve was closed to disconnect the receiver and the second valve was opened to connect the working chamber with the atmosphere. Finally, the working camera was opened and the sample was removed and weighed on a scale.
During the experiment, the following physical parameters were recorded. The pressure in the working chamber was measured using a Baratron 750 membrane-capacitive pressure sensor. The sample temperature was measured using semiconductor temperature sensors. The mass change of the sample during the experiment was recorded using tenzo sensors. The sample mass before the experiment and after it was measured by digital weighing scales to calibrate the data obtained by the tenzo sensors. Data recording from the pressure, temperature, and tenzo sensors was performed on a PC using a 16-channel analog-to-digital converter. Video recording of the clay samples in the course of the experiment was carried out using a digital camera through the illuminator of the working chamber.
In Sukhinin et al. (2018) , preliminary experiments were carried out with various samples of clay for methodological purposes. In the course of these experiments, the modes and methods of conducting the experiment and measuring the main parameters of the clay samples (temperature and mass) were worked out, and preliminary estimates were made of the nature of the behavior of the samples in a vacuum, depending on their size and humidity. The experiments were carried out with samples of different shapes, sizes, and initial moisture content. It was found out that when the pneumatic valve was opened and the working chamber was connected to the receiver its pressure dropped from atmospheric to about 150 Pa in less than 1 s. Within a few seconds, condensation of the water vapor was observed in the volume of the working chamber mainly near the samples . At the same time, the samples increased in size, and their surfaces were covered with numerous cracks. Evaporated water carried away the energy associated with the latent heat of evaporation, which led to the cooling of the sample. After a while, the samples were significantly cooled, and an ice crust appeared on the surface of the spherical samples. Since the specific volume of ice is larger than the specific volume of liquid water, ice formation should lead to the occurrence of strong stresses in the near-surface layer of clay, cracking of sample surface, its deformation, and shifts in clay mineral flakes or grains relative to each other.
NUMERICAL MODEL
To simplify the problem of the previously described physical phenomena (Deliiski, 2009; Fedoseev et al., 2018) the following assumptions were made. The samples are considered as homogeneous and isotropic porous clay-like material. The porous medium of the sample is saturated, and only the solid and liquid phases of the drying kinetics are retained. These phases are incompressible and are in the state of local thermodynamic equilibrium (one-temperature approximation). The gravity and all other external forces as well as the conservative inertial effects are neglected. During the drying process, water evaporation occurs only on the surface of the sample. Energy dissipation is also neglected.
To demonstrate the vacuum drying behavior of the porous clay-like material, a system of equations analogous to Fourier's law for heat conduction and Fick's law for water diffusion are considered:
where U is the moisture content; T is the sample temperature; ρ and c are the material density and specific heat capacity, respectively; and λ eff and D eff are the effective heat conduction and water diffusion coefficients, respectively. The heat conduction equation (1) and moisture transfer equation (2) are strongly coupled through the dependencies of parameters ρ(U, T ), c(U, T ), λ eff (U, T ), and D eff (U, T ) on variables U and T . Here, U is the local moisture content measured in the units of kg/kg, i.e., the mass of water per unit mass of solid fraction of a dry sample, and T is the local temperature. The heat flux density (F T ) and moisture flux density (F U ) are:
In the usual case, i.e., in the presence of atmosphere outside the sample, the heat flux at the surface of the sample is determined by the convection term F c and heat flux F υ due to evaporation/condensation of water from/to the sample surface:
where F U is the rate of evaporation at the surface [kg/(m 2 ·s)]; h υ = 2500 kJ/kg is the latent heat of water evaporation/condensation; h c = 80 W/(m 2 ·K) is the convection heat transfer coefficient; T s is the sample surface temperature; and T a is the ambient drying temperature. The water flux at the exchange surface is expressed as follows:
where k υ is the water vapor transfer coefficient (k υ = h c /ρ/c); M υ is the water molecular weight; R 0 is a universal gas constant; φ s and φ a are the relative air humidity at the surface of the sample and in the ambient drying boundary, respectively; and P υ,sat (T ) is the saturated vapor pressure temperature dependence taken in the form of the well-known Buck formula. It should be noted that under vacuum conditions there is no heat flux from the ambient atmosphere (T a = 0) toward the surface of the sample as well as no condensation of water vapor on the surface [no second term in Eq. (6)]. We assume the following form of the air relative humidity at the sample surface (Kowalski and Pawlowski, 2010) :
where U cr and U eq denote the critical and final equilibrium moisture contents in a dried sample, respectively. These parameters were determined experimentally and were taken from Kowalski and Pawlowski (2010) , i.e., U cr = 0.135 kg/kg and U eq = 0.05 kg/kg. The common specific heat c of the wet porous material is expressed through the specific heat of the solid phase, C p,s = 1.1 kJ/(kg·K), and the liquid phase (water), C p,l = 4.22 kJ/(kg·K):
When the sample is freezing at a temperature below −1°C, the liquid phase spends the latent heat of crystallization, which is taken as specific heat c fw distributed between −1°C and −2°C . In this case, common effective specific heat is the sum c eff = c + c fw :
The sample density ρ is the function of moisture content U and is expressed through the mass of solid dry sample m 0 , its volume V , and initial moisture content U 0 :
In the usual case, the effective conduction coefficient λ eff of the mixture of different media with different conduction coefficients λ i obeys the well-known Wiener inequality:
A detailed discussion about the electrical and heat conductivity of the mixtures can be found in Edvabnik (2015) . For simplicity, in this paper the effective heat conduction coefficient, λ eff = (1 − φ) λ s + φλ l , is the function of the porosity of the sample, φ = U ρ s /(ρ l + U ρ s ), where ρ s = 2600 kg/m 3 is the solid phase density, ρ l = 1000 kg/m 3 is the liquid phase density, λ s = 1.178 W/(m·K) is the solid thermal conductivity, and λ l = 0.597 W/(m·K) is the liquid thermal conductivity.
The effective diffusion coefficient D eff (m 2 /s) is the function of both temperature and moisture content, and is taken in the form (Kowalski and Pawlowski, 2010) multiplied by a factor of 10 3 due to the vacuum-forced extraction of liquid from the solid sample:
We took into consideration a sample that has a spherical form of radius R. Equations (1) and (2) were considered in a spherical coordinate system, where all parameters depend on radial coordinate r and time t. Initially (t = t 0 = 0), the temperature and the moisture content were uniformly distributed in the sample medium, i.e., T (r, t 0 ) = T 0 and U (r, t 0 ) = U 0 . Vacuum drying parameters were used as the boundary conditions for the heat and moisture fluxes in Eqs. (5) and (6), i.e., the ambient temperature (T a = 0) and the relative humidity of the ambient air (φ a = 0). Taking into account the spherical symmetry of the problem, the boundary conditions at r = 0 for the radial distributions of the temperature and moisture content were dT (r)/dr = 0 and dU (r)/dr = 0. As a result of the numerical solution, the time dependencies of radial distributions T (r, t) and U (r, t) were calculated. At any time step t, the boundary parameters T (r = R, t) and U (r = R, t) were determined in a self-consistent way by the exchange of heat F T and moisture F U between the spherical kaolin sample and ambient air.
RESULTS
In this paper, data measured experimentally using the parameters of vacuum disintegration of two spherical clay samples (balls) with different initial masses and diameters are presented. The first experiment was conducted using a spherical sample of clay rock with an initial mass of M 1 ≈ 300 g and diameter of about D 1 ≈ 65 mm. The second clay sample had an initial mass of M 2 ≈ 1000 g and diameter of about D 2 ≈ 97 mm. Both samples had an initial moisture content of clay of about u 0,1 ≈ u 0,2 ≈ 0.15 kg/kg. Under vacuum conditions, the exposure time of the first sample was 15 minutes. The exposure time of the second sample was 30 minutes . Figures 1(a) and 1(b) show the change in the mass of the samples during the experiment for a small spherical sample with initial mass M 1 and a large spherical sample with initial mass M 2 , respectively. The masses of the samples start to decrease rapidly immediately after the start of pumping out the chamber; subsequently, the fall rate gradually decreases. The total changes in the mass of the samples are equal to about ∆M 1,exp ≈ 10 g and ∆M 2,exp ≈ 40 g, respectively. The calculated results show a slower (and, consequently, lower) total change in the masses. Figure 2 shows the dependencies of temperature on time at different points on the sample. One temperature sensor was placed on the surface of the samples [T 1 (r = R)], a second one was placed at one-half the depth of the ball [T 2 (r = R/2)], and a third one was placed in the center of the samples [T 3 (r = 0)]. It can be seen that the most rapid drop in the temperature of the sample occurs on its surface [T 1 (t)] and the slowest drop occurs in the center [T 3 (t)], which is quite expected. For the small sample (ball with diameter D 1 ≈ 65 mm), the cooling time of the surface to −1°C does not exceed 1 minute, at which point the phase transition should begin . After this time, the cooling rate drops noticeably and the surface temperature stabilizes at −5°C. The temperature of the sample at depth T 2 (t) (between the center and the surface) decreases rapidly after the chamber is pumped out, while the rate of cooling decreases over time. Approximately 3 minutes after the chamber is pumped out, temperature T 2 (t) passes through 0°C, and after about 10 minutes temperature T 2 (t) becomes lower than surface temperature T 1 (t). The slowest temperature drop is observed in the center of the sample [T 3 (t)], and one can see a slowdown in the temperature drop upon reaching −1°C, which occurs approximately 6.5 minutes after the chamber is pumped out. It can be concluded that the most intensive cooling of the sample occurs immediately after the start of pumping out the working chamber, and the time of its complete freezing does not exceed several minutes. A narrow shelf in time dependence T 3 (t) at about −1°C occurs until the time of 10-12 minutes is reached. It is known that moisture in a porous medium has a crystallization temperature lower than 0°C .
For a large sample (D 2 ≈ 97 mm), the cooling time of the surface [T 1 (t)] to −1°C does not exceed 1 minute either. After this time, the surface temperature stabilizes at −8°C. Approximately 6 minutes after the chamber is pumped out, temperature T 2 (t) passes through −1°C. Temperature T 3 (t) reaches −1°C approximately 10 minutes after the chamber is pumped out. The narrow slope in time dependence T 3 (t) at about −2°C occurs after 20 minutes. Figure 3 presents the calculated results of time dependencies T 1 (t), T 2 (t), and T 3 (t) for two initial masses of the samples, M 1 ≈ 300 g and M 2 ≈ 1000 g. Although the absolute values of the calculated results show considerable deviation from the experimental data, they describe the following important features. As can be seen from the experimental data and calculated results, the time dependence of the temperature in the center of the sample [T 3 (t)] has some time lag in comparison with the temperature at one-half the radius of the sample [T 2 (t)] and a significant time lag in comparison with the temperature on the surface of the sample [T 1 (t)]. Time dependencies T 3 (t) obtained experimentally and numerically have narrow shelves at about −2°C from 5 to 10 minutes for a small sample and from 10 to 20 minutes for a large sample. These shelves are connected to the spent latent heat of the liquid phase in the process of crystallization.
It should be noted that the experimental data show the non-monotonic behavior of the temperature radial distribution through the sample starting after some time. The temperature on the surface of the sample (T 1 ) becomes higher than the temperatures in the center (T 3 ) and at half-height (T 2 ) of the sample. This experimental result can be explained by the influence of the vacuum chamber on the sample (an external source of heat toward the sample) or some complex processes inside the sample (i.e., freezing front and drying front movements), which are not taken into account in the model.
CONCLUSIONS
The results of numerical simulations and experimental studies on the process of spherical clay sample vacuum drying are presented. In both the experiments and simulations, the total mass of the sample and the temperature distribution in it were obtained. In addition, in the numerical simulation, the radial distributions of the moisture content in the sample were determined. The model used for the numerical study of the vacuum drying process is based on solving the moisture and heat transfer equations, where the effective coefficients of the thermal conductivity and diffusion were set equal to the coefficients for a wet porous medium.
The calculated data obtained for the temperature and moisture content distributions show some deviation from the experimental data; however, they describe important qualitative features. It was shown that the calculated and FIG. 3: Calculated time dependencies of temperature T (t) at different positions on the spherical sample [solid lines: the surface of the sample, T 1 (r = R, t); dotted lines: one-half radius of the sample, T 2 (r = R/2, t); dashed lines: the center of the sample, T 3 (r = 0, t)]: (a) M 1 ≈ 300 g; (b) M 2 ≈ 1000 g measured sample masses decrease in approximately the same way under different initial conditions. As a result of the experiment, the temporal dependences of temperature in the center, on the surface, and at one-half the depth of the samples were obtained. Experimental evolutionary temperature curves are described with adequate precision by the results of the numerical simulations. Narrow gaps, where the temperature values were constant, were manifested in both the experiments and numerical simulations; these gaps are associated with the crystallization of free water at low temperatures.
Spatio-temporal fluctuations of humidity and temperature inevitably cause mechanical stresses inside the sample, but these effects were not considered in this paper. The stresses that occur in clay are proportional to the radial gradients of humidity and temperature. The numerical model described in this paper is the initial stage for further studies on porous rocks placed under extreme conditions in order to investigate the disintegration of rock samples in the process of extracting small gold particles from sample pores. To study mechanical stresses, substantial modernization of the model is required, which would take into account the plasticity of the clay sample and its expansion due to water freezing.
